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Abstract
The localization of spatially extended objects is thought to be based on the computation of a default reference position, such as
the center of gravity. This position can serve as the goal point for a saccade, a locus for ﬁxation, or the reference for perceptual
localization. We compared perceptual and saccadic localization for non-convex shapes where the center of gravity (COG) was
located outside the boundary of the shape and did not coincide with any prominent perceptual features. The landing positions of
single saccades made to the shape, as well as the preferred loci for ﬁxation, were near the center of gravity, although local features
such as part boundaries were inﬂuential. Perceptual alignment positions were also close to the center of gravity, but showed
conﬁgural eﬀects that did not inﬂuence either saccades or ﬁxation. Saccades made in a more naturalistic sequential scanning task
landed near the center of gravity with a considerably higher degree of accuracy (mean error <4% of saccade size) and showed no
eﬀects of local features, constituent parts, or stimulus conﬁguration. We conclude that perceptual and oculomotor localization is
based on the computation of a precise central reference position, which coincides with the center of gravity in sequential scanning.
The saliency of the center of gravity, relative to other prominent visual features, can depend on the speciﬁc localization task or the
relative conﬁguration of elements. Sequential scanning, the more natural of the saccadic tasks, may provide a better way to evaluate
the ‘‘default’’ reference position for localization. The fact that the reference position used in both oculomotor and perceptual tasks
fell outside the boundary of the shapes supports the importance of spatial pooling, in contrast to local features, in object local-
ization.
 2003 Elsevier Science Ltd. All rights reserved.
Keywords: Saccadic eye movements; Localization; Perceptual localization; Center-of-gravity; Shape perception
1. Introduction
The sense of location is a fundamental aspect of the
perception of objects. We have a vivid perceptual and
motor sense of the location of objects both in terms of
their independent positions in visuo-motor space, and
their positions relative to other objects. This is under-
scored by the superb natural ability to sense alignment,
bisection and equidistance among objects, and the
ability to accurately localize objects and regions of in-
terest with eye movements.
How does the visual system deﬁne the location of an
object? Objects could in principle be located by any of
the following: an abstract spatial center, object bound-
aries, the average luminance distribution of the retinal
stimulation, luminance peaks, contrast peaks, or salient
visual features, such as predominant parts or points of
high curvature (see Burbeck, 1991). Evidence from both
perceptual and oculomotor localization of simple 2-
dimensional shapes points to the importance of the
representation of a well-deﬁned central reference posi-
tion for spatially extended targets (e.g., Kowler, 1995;
Morgan, Hole, & Glennerster, 1990). This paper inves-
tigates the nature of the reference used in both saccadic
and perceptual localization of spatially extended targets.
1.1. Saccadic localization of spatially extended targets
Saccades can be directed to either single point targets
or to spatially extended targets with a high degree of
precision. Several researchers have focused their atten-
tion on point targets and examined how the accuracy of
saccades to such targets is aﬀected by the presence of non-
target elements. Coren and Hoenig (1972), for example,
showed that landing positions of saccades directed to
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single point targets were aﬀected by the numerosity and
relative location of extraneous non-target elements. They
suggested that although the intent was to direct the
saccade at a single target, the eye nevertheless landed
near the center of gravity of the luminance distribution of
the entire conﬁguration of elements in what has often
been referred to as the ‘‘global eﬀect’’ (Findlay, 1982).
Further studies of this phenomenon led researchers to
speculate that the initial saccadic endpoint was com-
puted by a fast, reﬂexive subsystem that computed the
center of gravity (i.e., average position) of the overall
stimulus conﬁguration (targets + non-targets), leaving
the task of reaching the designated target to a second,
slow, voluntary saccadic subsystem (C€oeﬀe & ORegan,
1987; Ottes, Van Gisbergen, & Eggermont, 1985).
He and Kowler (1989) showed that landing position
within a target/non-target conﬁguration was aﬀected by
the target location probabilities. They argued that, in-
stead of relying on separate reﬂexive and voluntary
subsystems, the saccadic system ﬁrst selects a target or
region, and then computes the endpoint of the saccade
based on that selected region. They suggested that the
‘‘global eﬀect’’, as demonstrated in studies using targets
and non-targets, may be ascribed more to strategic or
attentional factors, rather than to an inherent inability
to exclude extraneous elements from the computation of
the saccadic endpoint. In support of this idea, they
showed that precise and consistent targeting of speciﬁed
regions within a spatially extended form was possible
when subjects were given suﬃcient time to prepare the
saccade and there was no ambiguity as to the desired
goal position (He & Kowler, 1991). Only when subjects
were asked to ‘‘look at the form as a whole’’ did the eye
land near the center of gravity of the shape. These
centering saccades, rather than reﬂecting an involuntary
averaging of targets and non-targets, appear to repre-
sent an eﬃcient way for saccades to arrive at precise
landing positions within relatively large target objects
(see also Carpenter, 1992). Saccadic landing positions
could be determined by pooling information across
attended objects or attended regions.
1.2. The center of gravity model
What sort of computation determines the saccadic
landing position within a selected, spatially extended
target? Research in perceptual localization has suggested
that what is being computed is the center of gravity
(COG) of the retinal luminance distribution created by
the target 1 (Hirsch & Mjolness, 1992; Morgan et al.,
1990; Whitaker & Walker, 1988). This simple COG
model is attractive since it requires only the pooling of
the output of detectors early in the visual pathway.
However, evidence from both perceptual and saccadic
localization shows that the computation of object loca-
tion may be more elaborate than that. Guez, Marchal,
Le Gargasson, Grall, and ORegan (1994), for example,
studied saccades made to corners of simple polygons
and found that performance was better described by
averaging the local contrast energy of the target, rather
than simply the luminance distribution. McGowan,
Kowler, Sharma, and Chubb (1998) also showed that a
simple luminance-deﬁned COG was not the best pre-
dictor of saccadic landing position for random dot tar-
gets. They proposed that the computation of the COG
involved a diﬀerential weighting of the output of lumi-
nance detectors based on the relative activity of neigh-
boring ones, implying that the COG computation took
into account the overall extent of the shape rather than
merely the luminance distribution. This was conﬁrmed
by ﬁndings that the internal luminance distribution did
not aﬀect the landing position for targets with well-de-
ﬁned shapes (Melcher & Kowler, 1999; see also Findlay,
Brogan, & Wenban-Smith, 1993). Work in perceptual
localization also provided evidence that object local-
ization is independent of the luminance distribution
(Proﬃtt, Thomas, & OBrien, 1983). Earlier studies of
the preferred ﬁxation position with various 2D shapes
(Kaufman & Richards, 1969; Richards & Kaufman,
1969; Steinman, 1965) also favored a shape-based lo-
calization model.
Given the importance of shape in the localization of
extended targets, at what level of representation does it
play a role in localization? Vishwanath, Kowler, and
Feldman (2000) studied saccadic localization to oc-
cluded targets and found that perceptual completion
was not reﬂected in the saccadic patterns. They found
that saccades were better predicted by the COG of the
visible portion of a partially-occluded triangular target,
rather than by the COG of the triangle implied by
completion cues. This suggests that saccades may rely
on an intermediate level representation of shape that is
more elaborate than a mere averaging of simple lumi-
nance distribution, but not as elaborated as the full
perceptual object representation.
1.3. COG vs. local cues
Prior work on saccadic localization of single spatially
extended targets has typically used closed convex target
shapes where the COG was located inside the shape. By
contrast, open, concave shapes present a more interest-
ing case because the COG is located outside the region
of retinal stimulation. If the saccadic landing position is
determined by averaging all or some of the points within
the boundary of the visible concave shape, the saccade
1 The term center of gravity (COG) as used in this paper implies the
centroid of the target shape taken as a plane region of uniform density.
Others (e.g., Whitaker, McGraw, Pacey, & Barrett, 1996) use the term
‘‘centroid of the luminance distribution’’ for the weighted average of
non-uniform luminance variation across the target shape.
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would land at the COG, outside the shape. If, on the
other hand, genuine averaging is not relevant, and sac-
cades are instead attracted to a salient location within
the shape, or if diﬀerent locations within the shape
boundary compete, with the eye landing on the one with
the momentarily highest strength, then saccades would
land on a location within the shape, and not at the
COG. Thus, a test of saccadic localization of concave
shapes provides a way to distinguish the COG (aver-
aging) model from alternatives.
Concave shapes have been used in prior studies of
ﬁxational eye movements. Kaufman and Richards
(1969) found that preferred ﬁxation loci corresponded to
the COG. The concave targets in that study were sym-
metric along at least one axis (for example, a C shape) so
that the COG coincided with a prominent local land-
mark, namely the axes of symmetry. A useful test of the
COG model for saccadic localization would employ
targets in which: (1) the COG lies outside the boundaries
of the shape itself, (2) the COG cannot easily be inferred
from salient axes, (3) the COG is not aligned with local
features, such as prominent convexities or concavities.
1.4. Shapes to be tested in the present experiments
The main goal of the present experiments is to test
localization of simple target shapes that have the prop-
erties listed above. Three target shapes were tested: an
O, a C, and an L, shown in Fig. 1. In all cases the COG
is outside the boundary of the shape. For the O, the
COG can be determined from local features (the inter-
section of the vertical and horizontal axis, or the diag-
onals of the shape). In the case of the C, which is
symmetric along only one axis, the vertical location of
the COG is constrained by the visual cues of symmetry,
but its horizontal location is not (as in the Kaufman &
Richards study). The L shape, however is not symmetric
along either axes, and is the most interesting because the
COG cannot be determined by local features, such as
the midpoint of the shape along salient axes. In addi-
tion, the L has another interesting property, namely, it
has two prominent parts. This will make it possible to
determine whether saccades are drawn to one of the
parts or to the part intersection.
1.5. Oculomotor tasks
An important issue in evaluating oculomotor per-
formance with spatially extended targets is deﬁning the
task. Without explicit task instructions, a range of
possible eye movement patterns may result. For example
subjects may choose to look at the target with a single
saccade, or a series of saccades, or they may inspect the
target by selecting positions on the boundary or the
body of the target.
Prior studies in this laboratory used a single saccade
task (‘‘look at the form as a whole’’) because looking at
an object, rather than a speciﬁc place within it, resem-
bled what people do naturally when they look around
(e.g. He & Kowler, 1991; Kowler & Blaser, 1995).
However, single saccades, by themselves, are not typical
saccadic behavior. Thus, three oculomotor tasks were
tested:
1. The single saccade task (Experiment 1) was the same
as in prior work cited above and required making a
single saccade to look at the target as a whole.
2. The ﬁxation task (Experiment 1) required subjects to
make a series of saccades to reach the target until
they felt they were comfortably looking at the ‘‘target
as a whole’’. Note that in this task, in contrast to lo-
calization with a single saccade, the preferred ﬁxation
position is determined while the target is within the
fovea, thus the choice of ﬁxation position will be
based on diﬀerent sensory cues than those used to
control a saccade launched from several degrees
away.
3. The scanning task (Experiment 2) required subjects to
sequentially scan a small set of shapes. This task en-
ables a study of saccadic localization when the sac-
cades have to be programmed in a sequence, as they
usually are in natural tasks, where the saccade is part
of a larger saccadic plan (Zingale & Kowler, 1987).
1.6. Perceptual localization tasks
Perceptual localization of the same targets will also be
studied. Evidence for COG-based perceptual localiza-
tion comes from studies that have used tasks such as
separation judgments, spatial oﬀset judgments, bisection
and three-element alignment (Burbeck, 1991; Keeble &
Hess, 1998; Levi & Tripathy, 1995; Morgan et al., 1990;
Westheimer &McKee, 1977; Whitaker & Walker, 1988).
Most of these studies used convex targets and employed
diﬀerent types of visual conﬁgurations to test a centroid
model against alternatives. For example, Whitaker et al.
(1996) and Whitaker and McGraw (1998), using stimuli
Fig. 1. The O, C and L target shapes. The reference lines in all 3 panels
are the vertical and horizontal bisectors of O. The white cross indicates
the center of gravity (COG) of each shape. Neither the cross nor ref-
erence lines were visible during the experiments. In experimental trials
shapes were tilted to the left or to the right by 30 deg.
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with asymmetric contrast envelopes, found that per-
ceptual alignment was best predicted by the centroid of
the stimulus. Akutsu, McGraw, and Levi (1999) and
Akutsu and Levi (1998), using similar asymmetric con-
vex targets, found that centroids, peaks or zero-cross-
ings could be used for perceptual localization depending
on stimulus and observer. Bocheva and Yakimoﬀ (1996)
determined the perceived center of various concave and
convex shapes by having subjects position the shape at
the center of a circular aperture. They found that the
judgments were based on the centroid of the shapes.
In the present study a perceptual alignment task was
used to measure the perceptual reference positions of the
same O, C, and L shapes described above for the eye
movement experiments. Subjects were instructed to base
their judgments on the perceived location of target as a
whole, not on selected landmarks. Perceived alignment
in both horizontal and vertical dimensions was deter-
mined concurrently by having subjects adjust the posi-
tion of two small disks, one located above, and the other
either to the left or to the right of the target shape, until
they appeared to be aligned with the perceived position
of the shape. The perceived location of the target shape
was then determined from the intersection of the imag-
inary horizontal and vertical lines drawn through the
centers of the aligned disks. Testing horizontal and
vertical judgments concurrently seemed to be a reason-
able procedure because both could be determined by
a single perceived reference position within the two-
dimensional target shape.
In summary, the aims of the present experiments are:
1. To test the center of gravity (COG) model of oculo-
motor and perceptual localization using shapes in
which the COG: (a) lies outside the boundary of the
target, and (b) can be dissociated from prominent
local features.
2. To compare oculomotor localization across 3 diﬀer-
ent tasks: (a) single saccades made from eccentric
positions, (b) ﬁxation, (c) sequences of saccades.
3. To determine whether the same reference point is
used for both perceptual and oculomotor localiza-
tion.
2. Experiment 1: Oculomotor localization––single sac-
cades and preferred ﬁxation positions
2.1. Methods
2.1.1. Subjects
Two subjects, AM and AG, were tested. Both had
prior experience as eye movement subjects, and were
na€ıve as to the purpose of the present experiments. Both
have normal vision and needed no spectacle correction.
2.1.2. Stimulus display
Stimuli were displayed on an SGI GDM 17-E21 1700
color monitor controlled by an SGI Iris O2 workstation.
The display was located directly in front of the subjects
right eye at a distance of 119 cm. The display area
subtended 11.3 deg horizontally by 9 deg vertically with
a resolution of 1.9 pixels/min arc at a refresh rate of 72
Hz.
2.1.3. Eye movement recording
Two-dimensional movements of the right eye were
recorded by a Generation IV SRI Double Purkinje
Image Tracker (Crane & Steele, 1978). The subjects left
eye was covered and the head was stabilized on a dental
biteboard.
The voltage output of the Tracker was fed online
through a low pass 50 Hz ﬁlter to a 12-bit analog to
digital converter (ADC). The ADC, controlled by a PC,
sampled eye position every 10 ms. The digitized voltages
were stored for later analysis. The PC controlled the
timing of the stimulus display via a serial link to the SGI
computer. Voltage from a photocell that recorded
stimulus onset and oﬀset directly from the display
monitor was fed into a channel of the ADC and re-
corded along with the eye position samples to ensure
accurate temporal synchronization between stimulus
display and eye movement recording.
Tracker noise level was measured with an artiﬁcial
eye after the tracker had been adjusted so as to have the
same ﬁrst and fourth image reﬂections as the average
subjects eye. Filtering and sampling rate were the same
as those used in the experiment. Noise level, expressed as
a standard deviation of position samples, was 0.40 for
horizontal and 0.70 for vertical position.
Recordings were made with the trackers automati-
cally movable optical stage (autostage) and focus servo
disabled. These procedures are necessary with Genera-
tion IV Trackers because motion of either the autostage
or the focus servo introduces larger artifactual devia-
tions of Tracker output. The focus servo was used, as
needed, only during intertrial intervals to maintain
subject alignment. This can be done without introducing
artifacts into the recordings or changing the eye posi-
tion/voltage analog calibration. The auto-stage was
permanently disabled because its operation, even during
intertrial intervals, changed the eye position/voltage
analog calibration.
2.1.4. Stimuli
Fig. 1 shows the three test target shapes: O, C and L.
The small white cross indicates the center of gravity
(COG) of each shape. The COG was calculated by av-
eraging the location of individual pixels constituting the
shape (113 pixels/deg). The reference lines shown with
the O are the horizontal and vertical bisectors. Com-
parable reference lines have been drawn for the C and L.
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Neither the cross nor the reference lines were shown to
the subjects. The O, C and L targets, and the ﬁxation
dot (actually, a 120 diameter disc), were uniform light
gray (8.5 cd/m2) displayed on a uniform dark gray
background (0.8 cd/m2).
Fig. 2 shows a typical stimulus conﬁguration as dis-
played on a trial. The ﬁxation dot was located 1200 to
the left or right of the center of the display (for testing
rightward and leftward saccades, respectively). By
starting away from the center, it was possible to test
saccades made within the central region of the trackers
recording ﬁeld where output is linear. Either the open or
the closed side of the C or L faced the ﬁxation point.
The target shapes were tilted 30 deg either to the left or
to the right of vertical.
The horizontal eccentricity of the target, deﬁned as
the distance between the ﬁxation dot and the intersec-
tion of the reference lines in Fig. 2, was randomly cho-
sen from two values horizontally (2170 or 2470) and 2
values vertically (500 above or below the horizontal
meridian) resulting in four possible positions for the
target with respect to ﬁxation. These random variations
in eccentricity were included to encourage subjects to
plan saccades based on the target position on each trial
and to discourage development of stereotypical patterns.
The small shifts in target eccentricity produced ap-
proximately equal shifts in saccadic landing positions,
in line with prior results (Kowler & Blaser, 1995;
Vishwanath et al., 2000). All data to be presented were
collapsed across eccentricity.
A circular disk target (1580 diameter) was also tested
to determine the size and direction of idiosyncratic
overshoots or undershoots that are typically found for
saccades to spatially extended targets. These overshoots
or undershoots depend on subject and saccadic direc-
tion, but not on target shape (Melcher & Kowler, 1999;
Vishwanath et al., 2000). Thus, by subtracting the mean
overshoots or undershoots observed with the target disk
from the performance obtained with the critical shapes
(O, C and L), it is possible to isolate the eﬀects of the
shape on landing position (Melcher & Kowler, 1999;
Vishwanath et al., 2000).
2.1.5. Procedure
The ﬁxation dot was displayed before each trial. The
subject started the trial, when ready, with a button press.
One hundred ms later the target shape appeared and eye
movement data acquisition began. The entire stimulus
(target and ﬁxation dot) remained on the screen until the
end of the trial, at which point a new ﬁxation dot ap-
peared in preparation for the next trial. The duration of
trial was either 2 s for the single saccade task or 3 s for
the preferred ﬁxation position task. The direction of the
saccade (leftward or rightward of the ﬁxation dot),
target type, target orientation and eccentricity were
chosen randomly for each trial. Saccadic direction was
disclosed to the subject before the trial by the location of
the ﬁxation dot. Target type, orientation and eccentric-
ity were not disclosed in advance.
Sessions consisted of 44 trials. Typically, 2–3 sessions
were tested per day.
2.1.6. Instructions
(1) Single saccade task: Subjects were instructed to
use a single saccade to look at the target as a whole, and
to avoid secondary, corrective saccades, even if the ﬁrst
seemed to miss the intended goal. The instruction to aim
for the target with one saccade was used in an attempt to
encourage best possible accuracy and discourage a
strategy of reaching the target with a sequence of two or
more movements. The subjects were also instructed to
adopt saccadic latencies that were suﬃciently long to
avoid compromising accuracy, the only constraint being
to try to complete the saccade before the end of the trial.
These instructions have been used successfully in the
Fig. 2. Representative stimulus display for single saccade and ﬁxation
conditions used to test rightward (top) and leftward saccades (bottom).
The target is the C shown tilted 30 deg toward the ﬁxation dot and
displaced downward by 500 relative to the ﬁxation dot. In the experi-
ment the target was the O, C or L, which was tilted 30 deg to the left or
right and displaced 500 upward or downward relative to the ﬁxation
dot. Horizontal eccentricity was randomly chosen to be either 2170 or
2470.
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past to assess saccadic accuracy and precision for spa-
tially extended targets (He & Kowler, 1991; Kowler &
Blaser, 1995; McGowan et al., 1998; Melcher & Kowler,
1999; Vishwanath et al., 2000).
(2) Fixation task: Subjects were instructed to make
two or more saccades from the ﬁxation point to the
target until they felt they were comfortably looking at
the target as a whole. Once this was achieved, they were
asked to maintain the same ﬁxation position without
saccades until the end of the trial. Preferred ﬁxation
position was assessed by the oﬀset of the ﬁnal saccade.
(Slow eye movements subsequent to the ﬁnal saccade are
unaﬀected by target shape; Murphy, Haddad, & Stein-
man, 1974.)
2.1.7. Detection and measurement of saccades
The beginning and end positions of saccades were
detected by means of a computer algorithm employing
an acceleration criterion. Speciﬁcally, eye velocity was
calculated for two overlapping 20 ms intervals. The
onset time of the second interval was 10 ms later than
the onset time of the ﬁrst. The criterion for detecting the
beginning of a saccade was a velocity diﬀerence between
the samples of 3000/s or more. The criterion for saccade
termination was more stringent in that two consecutive
velocity diﬀerences had to be less than 3000/s. This more
stringent criterion was used to ensure that the overshoot
at the end of the saccade would be bypassed. The value
of the criterion was determined empirically by examin-
ing a large sample of analog records of eye position.
Saccades as small as the microsaccades that may be
observed during maintained ﬁxation (Steinman, Had-
dad, Skavenski, & Wyman, 1973) could be reliably
detected by the algorithm.
In the single saccade condition, the size of the ﬁrst
saccade was deﬁned as the distance between the mean
position of the eye at the start of the trial (ﬁrst 50 ms),
when the line of sight was at the ﬁxation point, and the
position of the eye at the end of the ﬁrst large saccade
to the target. By using eye position at the start of the
trial, rather than eye position at the onset of the de-
tected saccade, the estimate of saccade size also incor-
porated any drift (Kowler & Steinman, 1979) or small
saccades that may have occurred during the latency
interval and thus better estimated saccadic oﬀset posi-
tion relative to target position. In the ﬁxation condi-
tion, the end point of the last saccade was calculated as
the distance between the mean position of the eye at
trial start and the position of the eye at the end of the
ﬁnal saccade.
2.1.8. Rejected trials in the single saccade condition:
1. Latency <100 ms. With such short latencies it was un-
likely that the stimulus played a signiﬁcant role in de-
termining the landing position of the saccade (0% for
AG, 0.03% for AM).
2. Size <1000. Saccades of that size were typically made
when subjects tried to localize the target with a series
of short saccades (3% for AG, 5% for AM). Some tri-
als contained small saccades only near trial start.
These saccades (size <120) were ignored and analysis
was based on the ﬁrst large saccade to the target.
3. Landing position of the ﬁrst large saccade (size >1000)
was more than 1000 from the center of the target.
With such enormous errors the saccade did not ap-
pear to be a genuine attempt to reach the target.
(0.02% for AG, 0.04% for AM).
2.1.9. Rejected trials in the ﬁxation condition
Subjects usually reached the target in 2–5 saccades.
The few trials with more than 10 saccades were rejected
because such a large number of saccades suggested that
subjects had not found a comfortable ﬁxation position
(0% for AG, 1.7% for AM).
2.1.10. Trials tested
The two instructions were tested in separate sessions.
The ﬁxation sessions were tested after the single saccade
sessions were completed. In the single saccade condition
AM was tested in a total of 16 sessions and AG in 21
sessions and analyses were based on 812 (92%) trials for
AG and 654 (93%) trials for AM. Each mean saccadic
landing position (calculated separately for diﬀerent
saccadic directions and target types) was based on about
30–35 trials. In ﬁxation condition, AM was tested in 14
and AG in 18 sessions. Analyses were based on 791
(99.9%) trials for AG and 616 (98.7%) trials for AM.
Each mean preferred ﬁxation position was based on
about 28–35 trials.
2.2. Results
Fig. 3 shows mean landing positions of the single
saccades and mean preferred ﬁxation positions for the
three target shapes tested. As noted above, mean posi-
tions were adjusted for overshoots and undershoots
obtained in control trials with the circle target (over-
shoots and undershoots are shown in Table 1).
The landing positions of the single saccades and the
preferred ﬁxation positions were usually outside the
boundary of the target. There were no systematic eﬀects
of either the orientation or the direction (right or left) of
the target shape with respect to ﬁxation. However,
landing positions of single saccades and preferred ﬁxa-
tions positions with the L shape showed a bias toward
the intersection of the limbs. For both tasks the preci-
sion of saccades was excellent, with standard deviations
of landing positions of single saccades equal to about 8–
10% of eccentricity (Kowler & Blaser, 1995; McGowan
et al., 1998; Melcher & Kowler, 1999; Vishwanath et al.,
2000), and standard deviations of preferred ﬁxation
position slightly smaller (7–8% of the initial eccentri-
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city). Standard deviations did not diﬀer systematically
across the diﬀerent target types.
The location of saccadic landing positions and pre-
ferred ﬁxations positions within each shape can be seen
more clearly in Figs. 4 and 5, which contain all the mean
landing positions and mean preferred ﬁxation positions,
observed for the diﬀerent target orientations and direc-
tions (Fig. 3), superimposed on each target shape. Figs.
4 and 5 show that, overall, mean positions for the O and
C shape were close to the COG. In some cases (e.g.,
AMs saccades or ﬁxation with the O) all means were
tightly clustered, while in other cases (AMs single sac-
cades made to the C, and both subjects eye movements
with the L shape) the means were more widely scattered.
Departures of mean landing positions from the COG
ranged between 50 and 240 (3–11% of target eccentricity)
Fig. 3. Mean saccadic landing position for single saccade (squares) and mean ﬁnal saccadic landing position for the ﬁxation condition (circles) for all
O, C, and L targets at the diﬀerent orientations and directions relative to ﬁxation. Data are for subjects AG and AM. Error bars show 95% con-
ﬁdence intervals and means are based on 28–35 trials.
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for the diﬀerent target shapes and tasks, with largest
departures found for the L (data for the L are in Table 2,
ﬁrst and second column). The landing positions of single
saccades and the preferred ﬁxation positions fell closer
to the intersection of the two limbs of the L than to the
COG.
Performance in the single saccade condition, de-
scribed above, was measured under instructions to em-
phasize accuracy and try to reach the target with a single
saccade (see Section 2.1.6). We conﬁrmed that subjects
followed these instructions. First, mean saccadic laten-
cies (736 ms for AG and 257 ms for AM) were longer
Table 1
Mean overshoots and undershoots obtained from performing 4 tasks with the disk target
Single saccade Fixation Sequential scanning Perceptual alignment
Left Right Left Right Left Right Left Right
AG
Horizontal 190 80 )110 )20 360 70 )30 )30
Vertical 340 280 400 350 )230 20 )60 )40
AM
Horizontal 210 )120 )60 20 20 )50 30 30
Vertical )230 )120 30 90 150 110 90 )10
Negative values: undershoots, Positive values: overshoots.
Fig. 4. Mean saccadic landing positions in the single saccade condition and mean ﬁnal saccadic landing positions in the ﬁxation condition for subject
AG. Data are the same as in Fig. 3, shown superimposed on the target shape. The white cross is the center of gravity (COG) and the reference lines
are horizontal and vertical bisectors of the O (neither cross nor reference lines were visible in the experiment). The open circle is the mean landing
position averaged over all trials. Error bars represent standard error.
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than the minimum saccadic latencies of 150–200 ms
typically observed in traditional target step-tracking
tasks. Second, corrective saccades, which we took to be
a second saccade made within 200 ms of the ﬁrst, were
rare (5% of trials for AM and 3% of trials for BS).
(Secondary corrective saccades are infrequent when
targets are objects; Bahcall & Kowler, 2000; Kowler &
Blaser, 1995.)
In summary, both the landing positions of single
saccades directed to concave target shapes, and the
preferred ﬁxation positions within the same shapes, were
usually outside the boundaries of the shapes. Landing
positions and ﬁxation positions fell near the center of
gravity of the O and C shapes, but were deviated toward
the intersection of the limbs of the L, indicating that, at
least for some shapes, there is an inﬂuence of local
features. It was also interesting that both measures of
oculomotor localization––single saccades and ﬁxation––
produced such similar results given that the single sac-
cade was launched from an eccentricity of about 3 deg
while the ﬁnal ﬁxation position was determined with a
foveal target.
3. Experiment 2: Oculomotor localization––sequences of
saccades
Experiment 1 studied saccadic performance under
relatively constrained task conditions. Would the same
results be obtained in a task that is more representative
of how saccades are used during natural scanning? Ex-
periment 2 tests saccadic localization in a sequential
scanning task.
3.1. Methods
3.1.1. Stimuli
The target was the same L shape used in the previous
experiment. It was shown along with two uniform 580
diameter circular disks, one located above, and the other
either to the left or to the right of the L, as depicted in
Fig. 6. On some trials a 1580 diameter circular disc was
tested in place of the L to assess net over or undershoots.
The target and disks were uniform light gray (8.5 cd/m2)
displayed on a uniform dark gray background (0.8 cd/
m2).
The lower disk was located 2200 horizontally from the
center of the L (where ‘‘center’’ is deﬁned as the inter-
section of the vertical and horizontal reference lines bi-
secting the shape, as shown in Fig. 1). The vertical
position of the lower disk was selected randomly from 5
values ()300, )150, 00, 150, 300), where 00 is the position
where the disk is horizontally aligned with the target
center. The upper disk was located 2200 vertically from
Fig. 5. Mean saccadic landing positions in the single saccade condition
and mean ﬁnal saccadic landing positions in the ﬁxation condition for
subject AM. Data are the same as in Fig. 3, shown superimposed on
the target shape. The white cross is the center of gravity (COG) and the
reference lines are horizontal and vertical bisectors of the O (neither
cross nor reference lines were visible in the experiment). The open
circle is the mean landing position averaged over all trials. Error bars
represent standard error.
Table 2
Mean vector errors from the center of gravity, and mean standard deviations (SD) of either landing positions or perceptual judgments in minutes of
arc
Saccadic localization Perceptual localization
Single saccade Fixation Scan Adjust Constant stimuli
AG
Mean vector error 21.2 24.5 6.5 16.0 11.0
Mean H SD 22.5 17.0 20.1 5.2 7.6
Mean V SD 18.4 18.6 16.5 4.7 6.2
AM
Mean vector error 19.6 12.9 8.1 12.0 17.0
Mean H SD 22.3 16.5 19.3 3.5 8.1
Mean V SD 20.1 20.7 16.3 4.0 6.3
Data are from the L shape averaged over all orientations for saccadic eye movements and perceptual localization.
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target center, and its horizontal position was selected
randomly from 5 values ()300, )150, 00, 150, 300), where 00
is the position where the disk is vertically aligned with
the target center.
The target L was located either to the left or right of
the lower disk. In addition, the L was tilted either to the
left or to the right by 25 deg, with either of two reﬂec-
tions about the vertical.
The entire stimulus conﬁguration was positioned such
that it was approximately centered on the display and
then randomly displaced by 400 vertically and 400
horizontally.
3.1.2. Procedure
One of the circular disks was displayed before the
start of each trial to act as an initial ﬁxation stimulus.
The subject started the trial when ready, with a button
press, at which point the target and the second disk
appeared. The entire stimulus (target and discs) re-
mained on the screen until the end of the 4-s trial. The
tilt (25), reﬂection about the vertical and location on
the screen (left or right) of the target disc were chosen
randomly for each trial.
3.1.3. Instructions
The task was to scan the elements of the stimulus in
sequence from: start disk to L, to second disk, back to L,
back to start disk. Subjects were to scan the stimulus
using only a single saccade to look at each object, for a
total of 4 saccades. They were to look at the target or
disk as a whole, not aim for any particular location
within them, and adopt saccadic latencies suﬃciently
long to avoid compromising accuracy, the only con-
straint being to try to complete the saccadic sequence
before the end of the trial.
3.1.4. Saccade analysis criteria
Saccades that were directed at the target shape were
deﬁned as those that landed inside a 1600  1600 region
surrounding the target. Some trials contained exactly the
4 saccades required. Others contained one or more
secondary, corrective saccades made after reaching the
target region of the L with a larger saccade from one of
the disks. Data were analyzed both with and without
these small corrective saccades included, and results
were quite similar. The data shown do not include the
corrective saccades.
3.1.5. Trials tested
Sessions contained 60 trials. AG was tested in 5 ses-
sions and AM in 10 sessions. Analyses were based on all
trials tested (300 for AG and 548 for AM).
3.2. Results
Fig. 7 shows the mean saccadic landing positions for
all target orientations, reﬂections and locations (left or
right) superimposed on a single, vertically oriented tar-
get L. Saccadic landing positions were again corrected
for overshoots and undershoots estimated from the
circle target, shown in Table 1, as was done in Experi-
ment 1. Mean saccadic landing positions were much
closer to the COG (departures 60–80; see Table 2, Scan)
than in either the single saccade or the ﬁxation condi-
tion. There was no bias toward the intersection of the
limbs, as was found in Experiment 1. Saccadic precision
remained high, with standard deviations of 7.5% of ec-
centricity for horizontal saccades and 8.5% for vertical
saccades.
The sequential saccade task seemed more demanding
than either the single saccade or the ﬁxation task, and
yet surprisingly, the mean saccadic landing positions
were much closer to the COG, and showed less scatter
across the diﬀerent target orientations, reﬂections and
locations tested. Saccades were further analyzed to de-
termine whether the diﬀerence in performance between
this sequential scanning task and the tasks in Experi-
Fig. 6. Stimulus conﬁguration for the sequential scanning task. The
lower reference disk was to the left (top) or to the right (bottom) of
target L. The actual position of the target with respect to the discs was
varied randomly from trial to trial (see text). Saccades landing outside
the area denoted by the dashed rectangle were eliminated from the
analysis.
1646 D. Vishwanath, E. Kowler / Vision Research 43 (2003) 1637–1653
ment 1 may have been due to other factors such as (1)
the inclusion of both vertical and horizontal saccades,
and (2) possible diﬀerences in saccadic preparation times
(Lemij & Collewijn, 1989). Neither factor was impor-
tant. No reliable diﬀerences were found between mean
landing positions of vertical and horizontal saccades;
neither were there reliable diﬀerences based on initial
launch position. Also, average intersaccadic intervals
for AM (432 ms) were longer than her single saccade
latencies in Experiment 1 (257 ms), but AGs inter-
saccadic intervals (613 ms) were shorter than her single
saccade latencies (736 ms). In summary, landing posi-
tions in the sequential scanning task were almost coin-
cident with the COG. If the center of gravity is truly the
default reference position for saccadic localization, the
accuracy and precision of saccades is considerably better
for sequential scanning than for either single saccades or
ﬁxation.
4. Experiment 3: Perceptual localization––method of
adjustment
The previous two experiments studied saccadic lo-
calization. Perceptual localization may (e.g., Morgan
et al., 1990; White, Levi, & Aitsebaomo, 1992) or may
not (e.g., Goodale, 1995) use the same reference posi-
tion. The next two experiments will examine perceptual
localization of the same shapes using two diﬀerent, but
related, perceptual alignment tasks. The ﬁrst of these
two tasks used a stimulus conﬁguration similar to that
of Experiment 2. The method of adjustment will be used
to establish the position where the target appears per-
ceptually aligned with both the upper and lower refer-
ence disks. Thus, a single perceptual reference position
within the two-dimensional shape can be used to de-
termine horizontal and vertical alignment concurrently.
4.1. Methods
4.1.1. Stimuli
The stimulus consisted of the O, C or L target shapes
from Experiment 1 and two 580 diameter circular refer-
ence disks located approximately as shown in Fig. 6.
Target and disks were uniform light gray (8.5 cd/m2)
displayed on a uniform dark gray background (0.8 cd/
m2). The head was stabilized by a chin rest.
The reference disks could be moved together verti-
cally or horizontally, but not independently, i.e., for any
given trial their positions relative to each other were
ﬁxed. The position of the disks relative to the target was
adjusted by pressing the up, down, left or right arrows
on the keyboard. The amount by which the disks were
displaced per key press was set by striking the 4, 2 or 1
button, which set the unit displacement to 160, 80 or 40,
respectively.
The target, on average, was located 1100 either to the
left or to the right of the center of the display. Actual
position of the target on any trial was selected randomly
from one of four positions located 200 vertically and
horizontally from the average location. The vertical and
horizontal separation between the two reference disks
was 2200. The position of disks in relation to the target
object at the start of the trial was varied randomly by
400 horizontally and 400 vertically.
4.1.2. Procedure
The subject started the trial by hitting the <enter>
key, at which point the target and circular disks were
displayed. The subject adjusted the position of disks per
instructions (see below) and hit the <end> key when
Fig. 7. Mean saccadic landing positions in the sequential scanning
task for subjects AG and AM. The open circle is the mean landing
position averaged over all trials. The cross shows the center of gravity
(not visible during the experiments). Means were based on 40–70 trials/
subject.
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they had completed their adjustment, at which time the
stimulus disappeared and a blank screen indicated to the
subject that the next trial could be started. No feedback
was given. The conﬁguration of the stimulus (relative
location and orientation of target with respect to disks
and screen) was chosen randomly for each trial. Sessions
consisted of 99 trials.
4.1.3. Instructions
The task was to jointly move the two disks relative to
the target, until each reference disk was independently
aligned with the target as a whole. At trial start, the
default displacement per button press was set to 160.
Subjects were required to reduce the displacement size
systematically as the disks appeared to be in closer
alignment with the target, such that the last few ad-
justments (vertically and horizontally) were always
made with the displacement size set to 10. No particular
order for the adjustment was speciﬁed, i.e., subjects
could use whatever sequence of horizontal and vertical
adjustments they were comfortable with. No constraint
on time, number of adjustments, or ﬁxation position,
was given. Subjects were instructed to make as many
adjustments as they felt necessary to be satisﬁed they
had arrived at the best alignment.
4.1.4. Trials tested
AG and AM were tested in a total of 4 sessions for a
total 396 trials each.
4.2. Results
The perceptual center of the target was deﬁned as the
point of intersection of a horizontal imaginary line from
the center of the lower reference disk to the target and a
vertical imaginary line through the center of the upper
reference disk to the target. Fig. 8 shows the mean
perceptual centers for the diﬀerent orientations tested,
and Fig. 9 shows the means superimposed on a single
target shape. Standard deviations were about 2.5% of
the distance between disks and target and did not diﬀer
systematically across the diﬀerent targets.
The mean perceptual centers for the O and L were
near the COG of the shape (see Table 2). Note that there
was no displacement toward the intersection of the limbs
of the L, as was found for single saccades and ﬁxation.
The perceptual centers for the C shape, however, were
closer to the intersection of the reference lines than to
the COG. After examining these results, it was noted
that the top corner of the C was aligned with the in-
tersection of the reference lines at the particular orien-
tations tested. A preference to align the upper disk with
the uppermost corner of the C shape would result in
alignment positions close to the intersection of the ref-
erence lines. This eﬀect of orientation did not appear in
the L, presumably because it has no upper corner.
Fig. 8. Mean perceptual centers obtained in the perceptual alignment
task using the method of adjustment for subjects AG and AM. Circles
show alignment positions when the target was to the left of lower
comparison disk, and squares when it was to the right of the com-
parison disk. The cross shows the center of gravity. Standard devia-
tions were smaller than the size of the symbols. Means are based on
about 17 adjustments for AG and 14 for AM.
Fig. 9. Mean perceptual centers obtained in the perceptual alignment
task using the method of adjustment for subjects AG and AM. Data
are the same as in Fig. 8, shown here superimposed on a single target
shape. The open circle is the mean alignment position averaged over all
target orientations tested. The cross shows the center of gravity (not
visible during the experiments).
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5. Experiment 4: Perceptual localization––method of
constant stimuli
Experiment 4 examines perceptual alignment with
brief exposures of target and alignment disks. Stimulus
conﬁgurations are similar to those in the previous ex-
periment, except that horizontal and vertical alignment
were tested separately.
5.1. Methods
5.1.1. Stimuli
Targets were the O and the L shapes, and a 1680 dia-
meter disc. Horizontal and vertical alignment were
tested separately. The stimulus consisted of the target
shape and a single 580 diameter reference disk. For
horizontal alignment, the reference disk was located 2200
to the left or right, and 0, 110, 220 or 330 above or below,
the target center (deﬁned as the intersection of the ref-
erence lines in Fig. 1). For vertical alignment, the disk
was located 2200 above, and 00, 110, 220, 330, 440 or 550
to the left or right, of the target center.
For horizontal alignment trials, the position of the
entire stimulus on the screen was randomly displaced by
200 vertically. For vertical alignment trials it was ran-
domly displaced by 200 horizontally. This was done so
that there was no correlation between target position
and screen boundaries.
5.1.2. Procedure
One of the circular reference disks was displayed at the
start of each trial for 1 s after which the target appeared.
Both the target and the disk remained on the screen for
500 ms. Subjects were instructed to maintain ﬁxation on
the alignment disk for the duration of the trial. For
vertical alignment trials, the subject indicated with a left
or right arrow key whether the target appeared to the
right or to the left of the upper disk. For horizontal
alignment trials, they indicated with the up or down ar-
row key whether the target appeared above or below the
lower disk. The screen remained dark gray while subjects
gave their keyboard response. After a 1 s delay following
the response, a new disk was displayed indicating the
start of the next trial. No feedback was given.
Horizontal and vertical alignment trials were tested in
separate sessions. In the horizontal alignment trials, the
vertical position of the disk was randomly selected from
7 possible locations (increments and decrements of 110
from the center of the target, which is deﬁned as
the intersection of the reference line shown in Fig. 1). In
the vertical alignment trials, for the ﬁrst 4 sessions, the
horizontal position of the disk was selected from 11
possible locations (increments and decrements of 110
from the center of the target). For subsequent sessions,
horizontal positions of the disks were selected from 7
possible locations (in increments of 110) centered on the
PSE estimated from the ﬁrst 4 sessions.
The conﬁguration of the stimulus (orientation of target
and relative location of disk) was chosen randomly for
each trial. Sessions consisted of either 100 or 140 trials.
5.1.3. Trials tested
AG was tested in a total of 18 sessions for horizontal
alignment, and 12 sessions for vertical alignment. AM
was tested in a total of 24 sessions for horizontal align-
ment, and 12 sessions for vertical alignment. Analyses
were based on 3780 trials for AG and 4320 trials for AM.
5.1.4. Data analysis
Psychometric functions were ﬁtted using a non-linear
regression based on the normal cumulative distribution
function (MATLAB). Each datum point was based on
12–24 trials for AG and 20–26 trials for AM. For AG, 23
out of 27 regressions converged; for AM, 25 out of 27
converged. For regressions that did not converge, pa-
rameters for the distribution were based on the last
iteration.
5.2. Results
Fig. 10 shows the mean perceptual center obtained
from the alignment data. Mean positions have been
Fig. 10. Perceptual centers obtained in the perceptual alignment task
using the method of constant stimuli for subjects AG and AM for the
diﬀerent orientations relative to ﬁxation. The two columns for each
subject represent the shape and its mirror reﬂection. (note: The mirror
reﬂection did not change the O shape; the diﬀerent columns represent
diﬀerent sets of trials.) Squares are alignment position when the target
was to the right of the lower comparison disk, and circles when it was
to the left of the disk. The cross shows the center of gravity (not visible
during the experiments). Standard deviations are smaller than the
plotting symbols.
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corrected by oﬀsets obtained from the alignment of the
large disk targets, which served as a control for any
tendency for misalignment independent of target shape
(see Table 1). Circular symbols represent alignment
when the lower (horizontal alignment) disk was to the
left of the stimulus, and squares when it was to the right
of the stimulus. Perceptual alignment positions obtained
in all conditions are summarized in Fig. 11.
Alignment positions were near the COG of the shape,
and similar to those found for the method of adjustment
(see also Table 2). Precision was excellent, with standard
deviations of about 3% (70) of distance between disks
and target (2200).
Fig. 10 shows that there was an eﬀect of orientation
for the O shape. Speciﬁcally, when the upper part of the
shape was tilted toward the reference disk (which was to
the left of the target when the O was tilted leftward, and
to the right of the target when the O was tilted right-
ward) the mean position was lower than when the upper
part of the target shape pointed away from the reference
disk. Diﬀerences in vertical position for the two orien-
tations were signiﬁcant for both subjects for the O shape
[mean diﬀerence was 480 (p < 0:001) for AG, and 410
(p < 0:01) for AM]. For the L shape only diﬀerences for
AM were signiﬁcant [100 (p > 0:1) for AG, and 460
(p < 0:001) for AM]. There was also no tendency for the
alignment position of the L to be biased toward the
intersection of the limbs, as was found for both saccades
and ﬁxation condition in Experiment 1.
6. Discussion
The fundamental task of eye movements is to bring
the line of sight to selected objects and keep it there for
as long as a task requires. In contrast, perceptual lo-
calization usually involves making judgments about the
relative location of two or more objects. With spatially
extended objects, localization requires a consistent ref-
erence position deﬁned for the object. This position can
serve as the goal point for a saccade, a preferred locus
for ﬁxation, or the reference position for perceptual lo-
calization. The experiments in this paper studied the
default reference position used in three diﬀerent oculo-
motor tasks and two diﬀerent perceptual localization
tasks.
A major goal of the present study was to ﬁnd out
whether the reference position is determined by pooling
(averaging) information across the target shape, or by
selecting a salient location within the target on the basis
of local cues. To achieve this goal we tested saccadic and
perceptual localization of concave targets in which: (1)
the center of gravity (COG), obtained by averaging
across the whole shape, fell outside the boundaries of
the shape itself; (2) the COG could not easily be inferred
from salient axes; and (3) the COG was not aligned with
prominent local features, such as convexities or con-
cavities. Three diﬀerent target shapes were tested (O, C
and L shapes), all with the COG outside the boundaries.
The L shape was the most interesting because it is not
symmetric along any axes, and has a COG that cannot
be inferred from local features. It also has two distinct
component parts.
Saccadic localization was tested by asking subjects to:
(1) make a single saccade to the target as a whole, (2)
choose a comfortable ﬁxation position within the target,
and (3) look at the target as part of a sequence of several
saccades. Perceptual localization was tested with two
alignment tasks, one using the method of adjustment,
and the other, the method of constant stimuli. The
method of adjustment task made use of long durations
(several seconds) and tested both horizontal and vertical
alignment concurrently, whereas the method of constant
stimuli task used brief durations and tested horizontal
and vertical alignment separately.
Results showed that the COG was the best predictor
of the reference position in some, but not all, cases.
Despite diﬀerences across conditions in the reference
position, the precision of either saccadic or perceptual
Fig. 11. Perceptual centers obtained in the perceptual alignment task
using the method of constant stimuli for subjects AG and AM. Data
are the same as in Fig. 10, shown here superimposed on a single target
shape. The open circle indicates mean alignment position averaged
over all target orientations and locations. The cross shows the center of
gravity (not visible during the experiments).
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localization remained high throughout, suggesting that
the reference positions were obtained by applying con-
sistent computational rules. The other consistent ﬁnding
across all target shapes and tasks was that the reference
position fell outside the boundary of the target, implying
that a pooling process was involved.
6.1. Saccadic localization
The saccadic landing positions closest to the COG
were obtained during sequential scanning. In this con-
dition there was also little scatter among the diﬀerent
target orientations and reﬂections tested, and remark-
ably small vector errors (60–80) between average landing
positions and the COG. What is particularly surprising
is that the task of making a sequence of saccades is, on
the face of things, more demanding that the other tasks
tested. For example, the trial duration was just suﬃcient
to complete the scan, in contrast to the single saccade
and ﬁxation tasks, which had a buﬀer of nearly a second
after execution of the task. Sequential scanning is,
however, more representative of how saccades are used
in natural tasks (Ballard, Hayhoe, Pook, & Rao, 1997;
Epelboim et al., 1995; Zingale & Kowler, 1987).
Landing positions in the single saccade and ﬁxation
tasks, on average, fell further from the COG than in the
sequential scanning task, with average vector errors
ranging from 50 to 240. The single saccade and ﬁxation
tasks gave similar results despite the fact that each was
based on a diﬀerent sensory signal (i.e., the single sac-
cade was programmed while the target was about 3.5
deg eccentric, while in the ﬁxation task saccades con-
tinued to be programmed after the target was in the
fovea). Deviations from the COG varied across the
diﬀerent orientations tested. The most informative de-
parture from the COG in both single saccade and ﬁxa-
tion tasks was obtained with the L shape. The L was
tested because, in addition to the COG falling outside
the boundary and not being aligned with available local
features, it also contains two distinct parts (the two
limbs of the L). For both subjects, and for both single
saccade and ﬁxation tasks, eye position was biased to-
ward the intersection of the two limbs. The eﬀect of part
boundaries was absent in the sequential scanning task.
The high level of precision of both saccades and ﬁx-
ation (regardless of the location of the mean landing
position), the ﬁnding that saccades landed outside the
target boundaries, and the closeness of landing positions
to the COG in the task most representative of natural
saccades (sequential scanning), all imply that a true
averaging process involving pooling information across
the shape can underlie localization. Several workers
have proposed averaging models based on a distributed
neural population code for location (Glimcher &
Sparks, 1993; Guez et al., 1994; Lee, Rohrer, & Sparks,
1988; Levi & Tripathy, 1995; McGowan et al., 1998;
Morgan et al., 1990; Van Gisbergen, Van Opstal, & Tax,
1987). The present results are consistent with such ap-
proaches. It is important to emphasize, however, that in
our tasks, as well as natural scanning, averaging can
operate eﬃciently only in conjunction with a selective
ﬁlter that deﬁnes the input to the saccadic system (He &
Kowler, 1989; Knowler, Andersen, Dosher, & Blaser,
1995). Without such selection, an unchecked averaging
process will cause the line of sight to miss intended
targets and be drawn to irrelevant backgrounds.
Selective ﬁltering may have played a role in produc-
ing some of the departures from the center of gravity
that were observed across tasks and shapes. These de-
partures imply that local features can also play a role in
determining the reference position for oculomotor or
perceptual localization. In studies of perceptual local-
ization using Gabor patches, Akutsu et al. (1999) found
that diﬀerent reference positions could be used de-
pending on spatial frequency, orientation or observer.
They attributed at least some of these eﬀects to atten-
tion. We found departures from the COG in the single
saccade and ﬁxation tasks, particularly for the L shape,
but not during sequential scanning. Programming a
single saccade in isolation, or choosing a ﬁxation posi-
tion, seem to be more deliberate tasks than the se-
quential scanning, and thus may have encouraged
selective weighting of diﬀerent regions within the shape
(He & Kowler, 1989). Sequential scanning, arguably the
most natural of the saccadic tasks we tested, might
provide an better way to evaluate the ‘‘default’’ refer-
ence location used in the programming of saccades. The
performance in the sequential scanning task strongly
favored the COG.
6.2. Perceptual localization
In the perceptual localization experiments, reference
positions inferred from two diﬀerent alignment tasks
were near the COG, and outside the boundaries of the
target shape. Precision in both tasks was comparable
(3% of target eccentricity), higher than that found for
eye movements (10% of target eccentricity). This sug-
gests that, at least to a ﬁrst approximation, perception
and eye movements share the same reference position
for localization. However, eﬀects of the conﬁguration of
the target with respect to the reference elements was
diﬀerent than that found for eye movements. The most
notable eﬀect was observed for the O target shape.
Speciﬁcally, in the method of constant stimuli task, a
consistent eﬀect of target orientation was observed,
where the inferred reference position was lower when the
shape was tilted with its top towards the reference disk,
than when it was tilted top away. The bias appears to be
due to the relative orientation of a salient axis of the
target shape with respect to the horizontal axis along
which the alignment judgment was made. A plausible
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explanation is that a reference frame eﬀect biases the
alignment judgment to be made orthogonal to salient
object axis. (See Keeble & Hess, 1998; and Popple &
Levi, 2002 for other examples of eﬀects of orientation on
alignment.)
The eﬀect of the relative orientations of target and
reference disc was not observed in any of the eye
movement tasks, suggesting a dissociation between
saccadic and perceptual localization performance simi-
lar to other visual/oculomotor dissociations that have
been reported (e.g., Collewijn & Erkelens, 1990; Hansen,
1979) in which the eye movements are insensitive to
conﬁgural eﬀects that bias perceptual judgments.
6.3. Conclusion
Perceptual and oculomotor localization are based on
the computation of a precise central reference position.
The location of this reference position depends on the
speciﬁc task and (at least for perception) on the relative
conﬁguration of component elements. Pooling over the
shape to compute the center of gravity is important
during sequential scanning, while local features play a
greater role in the control of single saccades made in
isolation and in the selection of a preferred ﬁxation
locus. The precision in performance across all tasks,
target shapes, and stimulus conﬁgurations points to the
kind of consistency and low visuo-motor noise required
to provide an optimal and stable sensorimotor platform
from which to execute complex cognitive tasks, such
as reading and hand-eye coordination.
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